Introduction
Conventional methods and monitoring technologies utilized for clinical diagnostics and related medical research have focused on the analysis of volatile organic compounds (VOCs) emitted from patient's samples, such as from their exhaled or expired breath (EB), urine, blood, serum, sputum, and feces. 1 Chemical analysis technologies and methodologies, including selected ion flow tube mass spectrometry, 2 proton transfer reaction mass spectrometry, 3 and gas chromatography-mass spectrometry 4 with thermal desorption or solid-phase microextraction have been widely used in clinical diagnostics, but these methods are expensive, time-consuming, and often result in delays in diagnoses and treatments for diseases. Selected ion flow tube mass spectrometry and proton transfer reaction mass spectrometry analytical techniques were developed 16 wilson for real-time online detection and quantification of trace gases derived from breath air, urine, and fecal samples, and for cell culture studies. 5 Unfortunately, the identification of specific chemicals alone, such as individual metabolic biomarkers present in complex gaseous (headspace) test samples from patients, does not often lead to easy diagnoses. The aroma signature of the entire mixture of VOCs, found in the headspace from patients' test samples, often is more informative and indicative of abnormal metabolic conditions within the body that may indicate the presence of disease or other ailments. By this approach, the detection of specific mixtures of known disease-related biomarkers present in sample headspace is significantly more reliable for diagnostic determinations.
The electronic nose (e-nose) is a relatively new gasdetection technology adapted for use as a medical tool for various clinical applications. 6 ,7 E-nose instruments useful for clinical applications generally are small, portable devices that can detect and discriminate between precise complex VOC mixtures of gas-analyte samples from patients with good precision and reasonable accuracy for diagnosing diseases. These devices work by detecting abnormal VOCs in the exhaled air of diseased patients that are different from VOCs released by healthy individuals. In spite of the advantages provided by e-nose instruments, disease and health diagnostics based on VOCs profiling still has not yet been widely used in clinical practice, but significant progress is currently underway as evident by the numerous examples of e-nose clinical research trials presented in this review.
The basic e-nose system consists of a multisensor array, transducer to convert the sensor analog responses to digital values, software to control data recordings, pattern recognition through an artificial neural network (ANN), statistical analyses, gas sample collection chamber containing VOC-filtered ambient air (serving as a baseline), and sampling container that holds the headspace from the sample analyte. 8, 9 The gas-collecting bottles or bags are connected to the e-nose and sensor array through a purge inlet (baseline air) and a sample inlet (sample air) using a syringe or fixed connector. Specialized e-nose software allows adjustments of setting parameters for sample gas introduction, data acquisition, and analysis processing. E-nose instruments useful for clinical applications are handheld, portable devices that provide immediate (real-time) rapid results, are noninvasive, cost-effective, and easy to operate compared with complicated, expensive, and time-intensive chemicalanalysis instruments and methods currently available for analyzing clinical test samples. These versatile and relatively simple machines provide characteristics and capabilities that are more useful for clinical applications in routine patient examinations.
The most common types of e-nose devices available for clinical practice include surface acoustic wave (SAW), quartz crystal microbalance (QCM), metal oxide semiconductors (MOS), conducting polymers (CP), and carbon nanofiber (CNF) that are representative of electronic aroma detection technologies. 10, 11 Design details of sensor characteristics such as sensitivity, VOC-sensitive components, detection mechanisms, response times, advantages, and disadvantages of each e-nose type are summarized in Table 1 . Sensors of CNF, CP, and MOS e-nose types operate through the detection of electrical resistance changes that occur when VOCs are adsorbed onto to the surfaces of individual sensors within the sensor array. By contrast, SAW and QCM sensors function by detecting the mass of VOCs adsorbed onto the sensor surface through shifts in sensor vibration frequency. Generally, QCM and SAW sensors are much more sensitive and exhibit similar or faster response times than CP, CNF, and MOS sensors. Optical sensors have high VOC sensitivity, but are expensive, have high operation costs, and low portability (due to the difficulty of miniaturization), currently making them inadequate for clinical use. The utility of individual e-nose technologies largely depends on the particular medical application, chemical classes of target analytes, instrument miniaturization potential, manufacturing costs, analysis time, and ease of operation. [6] [7] [8] This review focuses on the current status of recent developments in e-nose technologies for numerous applications in clinical practice including the potential for providing many new noninvasive diagnostic applications for the detection of specific human diseases associated with various organ systems and compartments of the body. Specific examples demonstrate recent e-nose developments for point-of-care testing (POCT) and summarize the many ways in which these technologies are beginning to change clinical procedures to reduce time-consuming and expensive laboratory tests and improve the efficiency of patient care and treatments.
Range of recent e-nose applications
The versatility of e-nose devices in measuring, characterizing, and discriminating between complex gas mixtures of VOCs derived from clinical samples makes these ideal instruments for noninvasive, rapid, real-time diagnoses of diseases in the human body. 6, 11, 35 precision, and are effective particularly when applicationspecific specialized instrument configurations and reference databases are utilized for certain types of disease diagnoses. 6, 36 The wide range of e-nose designs, using different gas-detection methods and operating principles, offer great potential for a large diversity of detection capabilities for analyzing various sample types taken from patients for numerous clinical applications.
The diversity of recently developed applications of e-nose instruments in clinical medicine includes the detection of physiological abnormalities and disorders, patient drug use, exposures to toxic chemicals and hazardous gases, organ failures or dysfunctions, and metabolic conditions as well as various types of diseases in different parts of the body ( Table 2 ). The largest and most significant e-nose application area for clinical practice has been in disease diagnosis. There has been recent progress in the detection and diagnosis of human diseases using different types of e-nose technologies, particularly for cancer detection in various organs and tissues of the breast, colon, lungs, ovaries, and prostate. Another significant area of progress has been in the detection of bacterial and fungal pathogens in the blood, lungs, skin, upper airways, and urinary tract. Continued improvements in e-nose diagnoses of inflammatory lung diseases such as asthma, cystic fibrosis (CF), and chronic obstructive pulmonary disease have been achieved with CP, MOS, and QCM-type e-noses. 43 The mosquito-borne infectious disease (malaria) caused by the parasitic protozoan of the genus Plasmodium, particularly P. falciparum, was recently detected using an experimental CNF e-nose (biosensor), based on P. falciparum-specific histidinerich protein-2 antigen detection using CNF forests grown on glass microballoons, coated with secondary antibodies specific to P. falciparum-specific histidine-rich protein-2. 38 This CNF method employed a sandwich immunoassay protocol that was capable of detecting the malaria pathogen at minute concentrations, levels as low as 0.025 ng/mL concentration in phosphate-buffered saline using a visual signal within only 1 minute of test duration. The lower limit of 0.01 g/mL was obtained by measuring the electrical resistivity of the capture zone.
Recent advances in clinical e-nose applications have also been achieved in the detection of patients' drug use, exposure to hazardous gases and toxins, organ failure, and physiological abnormalities. MOS-type e-nose sensors have been used for many of these applications for detections of abnormal gases released from the lungs (in breath), mouth cavity, skin, and headspace VOCs from various body fluids. Specialized atypical e-nose sensor types such as field-effect Abbreviations: BS, biosensor (experimental technology); CF, cystic fibrosis; CNF, carbon nanofiber; CNT, carbon nanotube; COPD, chronic obstructive pulmonary disease; CP, conducting polymer; EC, electrochemical; ECB, electrochemical biosensor; FETs, field-effect transistors; GC, gas chromatography; IMS, ion mobility spectrometry; ISEs, ionselective electrodes; MEMs, microelectromechanical systems; MOS, metal oxide semiconductor; NMB, carbon nanofiber forests grown on glass microballoons; OSAS, obstructive sleep apnea syndrome; QMB, quartz microbalance; SAW, surface acoustic wave; SG-BS, silica gel biosensor; TB, tuberculosis; ID, identification; e-nose, electronic-nose.
transistors, microelectromechanical systems, ion-selective electrodes, silica-gel nanospheres, and electrochemicals were utilized for these clinical gas-detection diagnostic applications mostly from the analysis of VOCs and toxic metals present in body fluids.
Noninvasive disease diagnoses
The early detection of human diseases by noninvasive methods increasingly is becoming a key primary technological goal for many leading clinics and hospitals worldwide. The reasoning behind this policy shift has been due to the repeatedly devastating results and consequences of late diagnoses. For diseases such as cancer that have already reached life-threatening stages, the prognosis is often poor. The benefits of early detection, allowing early treatments of diseases, are obvious as prognoses are greatly improved. Many patients often avoid regular prophylactic checkups and early disease screenings because many current methods (eg, colonoscopies, X-ray mammographies, tissue biopsies, uterine dilation, and curettage) still involve invasive, painful, or expensive procedures. 35 Many of these methods present risks of significant negative side effects and often are sufficiently painful to discourage patients from participating in preemptive, prophylactic disease-screening procedures. Hence, there is an increasing urgent need for the development of new efficient, rapid, and relatively cheap diagnostic tools, particularly those which reliably detect diseases at early stages of development. For field applications, such technologies must be cheap, reliable, rugged, and portable, otherwise they may not be available to people living in developing countries. The need for new, noninvasive diagnostic tools for the reliable early detection of human diseases has led to the discovery of new versatile e-nose methods such as human breath analysis that have provided great promise in facilitating the detection and treatment of a wide range of diseases. Breath analysis is a relatively rapid, noninvasive diagnostic approach that relies on the detection and characterization of abnormal volatile metabolites, referred to as biomarkers (released in EB), which are indicative of specific diseases present in specific compartments of the body. 11, 35 The exhaled breath from individuals contains VOCs that provide important information about the health of the patient. For example, breathprints 
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e-nose applications in clinical practice may be used to identify general physiological conditions and processes, either normal or abnormal, occurring within the body. Breathprints are the result of analyses by a series of sensors within the e-nose sensor array that are capable of detecting VOCs through changes in sensor responses to all of the compounds present in the gaseous sample analyte. E-nose instruments are trained to recognize specific breathprints through pattern recognition algorithms that compare the sensor aroma pattern to previously recorded breathprint patterns in reference databases. Data obtained from pattern recognition can be analyzed throughout various statistical methods, including cross-validation, principal component analysis, and discriminant analysis. The composition of VOCs present in the bloodstream and airways provides useful measures of the overall metabolic (physiological) status and health condition of the entire body as well as some indications of the healthful condition of individual organs and other soft-tissue compartments (blood vessels, connective, epithelial, nerves, muscle, and fat tissues) of the body, where many specific diseases are localized. 35 ,57 E-nose disease detection, based on analysis of aroma signatures for specific mixtures of VOCs and other biomarker metabolites present in the human breath, is a significant diagnostic advantage of breath analysis due to the capability of identifying a disease and locating the probable presence of the disease within specific tissues or compartments of the body.
Breath is the most obvious gaseous matrix for noninvasive analysis of VOCs generated within the body because abnormal VOCs from diseased tissues travel around the body via the blood and eventually end up in the lungs, cross the alveolar interface, and are released in exhaled breath at specific concentrations that are indicative of physiological states. 35, 57, 58 Although trace compounds produced in the oral cavity do not necessarily enter the bloodstream, they appear in exhaled breath. E-nose analysis of VOC concentrations in the breath can provide an indicator of metabolic (physiological) status, allowing a distinction between healthy and diseased states, and also noninvasive and painless detection of diseases in early stages of development.
A summary of research studies by scientists worldwide provides recent examples of efforts to test new potential applications of various e-nose technologies to detect specific human heart and lung diseases through analysis of complex VOCs and biomarkers in the human breath (Table 3) . Most of these studies, conducted primarily by researchers at major university hospitals and clinics, have focused on the detection and diagnosis of inflammatory lung diseases, such as acute respiratory distress syndrome (ARDS), asthma, chronic obstructive pulmonary disease, invasive pulmonary aspergillosis (IPA), malignant pleural mesothelioma, and acute or chronic bacterial infections, including pulmonary tuberculosis, upper respiratory tract infections, and ventilatorassociated pneumonia. The majority of these studies tested the efficacy of CP-type e-noses with a 32-sensor array, although a few studies utilized MOS, SAW, and quartz microbalance (QMB)-type e-noses with fewer sensors, or a calorimetric-type e-nose with a 36-sensor array. E-noses with greater numbers of sensors generally provide better discrimination between analyte sample types, but are often more expensive.
Aspergillosis is a fungal disease caused by species of Aspergillus such as A. fumigatus, A. flavus, and A. terreus. Aspergillosis can occur in a variety of organs, both in humans and animals, although the most common infection sites are the lungs and sinuses due to the inhalation of asexual spores (conidia) of the fungus into the airways. Different forms of the disease include IPA, noninvasive aspergillosis, chronic pulmonary aspergillosis, and severe asthma with fungal sensitization. The most common conventional methods for diagnosis of IPA are based on: 1) isolating and culturing the microbe from infected tissue; 2) direct observation of hyphal elements (hyphae) invading tissues (from infected tissue biopsy); 3) chest X-ray computed tomography scan or bronchoscopy showing the presence of one or more lung cavities, scarred lungs, or fungal balls; 4) blood or tissue fluid testing positive for Aspergillus antibodies; and 5) the presence of certain symptoms lasting for more than 3 months, including breathlessness, coughing, fatigue, hemoptysis, and weight loss. 82 E-nose instruments have been proven to provide reliable and much more rapid diagnoses of IPA due to the detection of abnormal VOCs produced by the disease, as proof of fungal infection, not just by the volatiles produced by the pathogen alone. In a study by Gerritsen et al, 83 the Cyranose 320 e-nose was used to detect IPA at an early stage through principal component analysis at a sensitivity and specificity of 100% and 83.3%, respectively. VOC patterns from patients with prolonged chemotherapy-induced neutropenia also could be detected with the e-nose technology. Thus, the high mortality rate of IPA can be significantly reduced through a timely e-nose early diagnosis.
Joensen et al 84 analyzed breathprints of 64 pediatric patients suffering from CF using a Cyranose 320 e-nose in order to investigate potential differences compared with samples from 21 patients with primary ciliary dyskinesia and 21 healthy volunteers, with statistical significance reported. Moreover, VOC patterns from CF patients with chronic Pseudomonas aeruginosa infection differed significantly from those obtained from nonchronically infected CF patients.
Bos et al 85 diagnosed ARDS in ventilated intensive care patients based on pulmonary injury and edema, inflammation, and Cyranose 320 e-nose analysis of VOC patterns within 24 hours of admission. Cases of ARDS were classified as "mild", "moderate", or "severe" according to the Berlin definition. The e-nose, trained using sparse-partial least square logistic regression, provided sensitivity results of 91% and specificity of 62% for discriminations between moderate and severe ARDS, confirming the results by temporal external validation. The Cyranose 320 e-nose provided discrimination between patients with ARDS, pneumonia, and cardiac pulmonary edema with only moderately accurate diagnostic results, although breathprints of patients with pneumonia and cardiac pulmonary edema were differentiated at greater accuracy than patients with ARDS.
Di Natale et al 65 demonstrated that the composition of the breath of patients with lung cancer contains VOCs, mainly alkanes and aromatic compounds, which could be used to detect the disease. They used a QMB e-nose with eight sensors in the sensor array to screen patients for cancer by analysis of headspace composition in expired air. The QMB e-nose sensors showed good sensitivity to these possible lung cancer biomarkers in breath. They used partial least squaresdiscriminant analysis to find 100% of lung cancer-affected 
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e-nose applications in clinical practice patients and 94% of reference samples were correctly classified. Among postsurgery patients, 44% of individuals in this category were correctly classified, while the remaining other samples were classified as healthy references. The alteration of breath composition induced by the presence of lung cancer was enough to allow a complete identification of the sample of diseased individuals. The results showed the effective capabilities of the QMB e-nose instrument to detect early stages of the disease for early cancer diagnosis.
Emerging e-nose technologies
Clinical diagnosticians often do diagnoses and classification of diseases based on information collected from several sources of physiological sensor signals. 86 Likewise, the utilization of several sensing tools or machines, created by the fusion of two or more technologies, or through multiple sensor-signal fusions, is valuable to provide more robust and reliable determinations and diagnostic decisions in clinical cases. The analytical capabilities and types of commercially available combined-technology e-nose instruments were reviewed previously. 8 New-generation e-nose instruments have been developed that have both breath-profiling capabilities as well as chemical analysis capabilities so that the composition of breathprints can be determined for identification of possible disease biomarkers. The Heracles II e-nose manufactured by AlphaMos (Toulouse, France) has been used in several clinical trials to assess the diagnostic capabilities to detect specific diseases. Although this instrument is not strictly classified as a traditional e-nose because it does not contain a cross-reactive multisensor array, it provides outputs from a dual-column gas chromatograph with flame ionization detector that consists of not only gas chromatography chemical data, but also e-nose-type vector data similar to smellprints produced by traditional e-nose instruments. Other commercially available combined-technology e-nose instruments of this type include calorimetric or catalytic bead, MOS, QMB, and SAW e-nose instrument types with added electron capture detector, ion mobility spectrometer, photoionization detector, mass spectrometer, CO 2 , O 2 , thermistor, and humidity sensors. 8 A recent trend in clinical practice has been the strong shift toward POCT diagnostics to allow the very rapid diagnosis and treatment of patients. This new approach, referred to as paced or accelerated clinical decision-making, reduces the timescales of the diagnostic process through the elimination of expensive and time-consuming laboratory tests. 87 To achieve a prompt diagnosis and quick treatment, new portable e-nose devices are being developed that provide fast, simple, safe, and reliable clinical tests with improved sensor sensitivities, response times, low-power consumption, and miniaturization capabilities. One of these new e-nose technology types is complementary MOS cell devices that consist of microcell capacitance MOS sensors, normally attached to patient tissues, which monitor cellular responses and the presence of chemical agents. These devices may be used to test a variety of patient sample sources in the blood or plasma/serum, urine, bodily fluids, feces, and tissue samples. 88 Some disadvantages of using complementary MOS devices which currently limit extensive clinical applications have been difficulties with biocompatibility, contamination, and the complex packaging required to maintain functionality. 89 Electrochemical biosensors (ECBs) are another technology group that offer fast, sensitive, and selective analysis of blood gases and chemicals, pH, electrolytes, metabolites, DNA, and antibodies for spot and continuous testing (monitoring) of patients in hospital or clinical settings. 90, 91 Beyond bloodchemistry monitoring, the range of potential ECB applications in clinical diagnostics includes the detection of autoimmune diseases, cancer, cardiac biomarkers, infectious diseases, and genome analysis. 92 Since the first ECB device was invented in 1962, consisting of an amperometric glucose oxidase enzyme electrode to measure dissolved oxygen, the performance and utility of ECBs have improved significantly with higher sensitivity, selectivity, and long-term stability. ECB devices are categorized based on the type of analyte or sensor design (measurement type) used in manufacturing. These sensors may operate on the basis of amperometric, conductometric, impedimetric, or potentiometric measurement principles for the sensing process. ECBs may be implanted subcutaneously or intravascularly depending on the monitoring task. One of the most important areas of ECB sensor application is in the continuous monitoring of blood glucose levels for the management of diabetes. Implantable glucose sensors provide continuous data of serum glucose levels without the need for blood withdrawal. Glucose sensors can be coupled with portable insulin-delivery devices that effectively function as an artificial endocrine pancreas to regulate insulin delivery in response to changes in blood glucose levels. In a similar application, Lai et al 93 developed an implantable aptamer-based sensor to detect platelet-derived growth factor in blood serum at picomolar levels. The application of nanomaterials, such as carbon nanotubes used as electrode materials for electrochemical sensing, recently has become very popular due to their excellent properties of conductivity, unique structural and catalytic properties, high loading of biocatalysts, good stability, excellent penetrability, and miniaturization capabilities. 91 Some limitations of certain electrochemical sensors include active interferences in the 
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wilson sample, weak long-term stability, and negative effects on cellular electron-transfer pathways. 91 The adoption of plasmodic nanomaterials in optical (spectroscopic) sensors has offered the new potential for detecting, analyzing, and monitoring human physiological conditions and biochemical interactions at the single-molecule level using single nanoparticle-based surface plasmon resonance (SPR) biosensors. SPR oscillations of conduction-band electrons occur when light interacts with certain metals at the surface of the metal-dielectric interface of SPR biosensors. When a single-molecule analyte (chemical species) binds to the specific ligand of the metal film, interfacial architectural changes occur causing surface plasmons to be excited when exposed to a beam of light at a certain angle of incidence. 94 The dielectric properties of the metal and surrounding material determine the optical properties of the plasmonic structures. The frequency and strength of these resonances depend on the size and shape of the metallic nanostructures.
SPR optical biosensor technologies have been proven to be among the most powerful technologies for determining specificity, affinity, and kinetic parameters during the binding of macromolecules in many bond types involved in biomolecular interactions. 95 The bond types of macromolecular binding that can be detected by optical measures (eg, refractive index changes) include protein-protein, 96, 97 protein-DNA, 98 ,99 enzyme-substrate, 100,101 receptor-drug, 102, 103 lipid-protein, 104, 105 protein-polysaccharide, 106 and host cell-virus, [107] [108] [109] interactions. In order for analyte species to be detected, they must first be captured and immobilized on the surface of the sensor by analyte-specific capturing agents (ligands) such as antibodies, enzymes, peptides, or DNA strands. The careful choosing of appropriate and effective capturing agents is among the biggest challenges in applying SPR biosensors to POCT clinical diagnostics. Nonspecific binding of nontarget biomolecules can significantly interfere with the specificity and effective operation of SPR biosensors. 110 In particular, the formation of a protein-corona around metal nanoparticles due to nonspecific binding in the cellular environment can cause spectral shifts, precluding detection of the intended specific target analyte. 110, 111 Plasmonic nanoparticles currently are utilized in clinical diagnostic tests for the detection of important biomarkers of diseases such as cancer and HIV, and various adverse physiological conditions and disorders associated with specific metabolites or chemical species. 112 Chen et al 94 developed an SPR biosensor for the detection of fetal fibronectin, a glycoprotein present in the extracellular matrix of amniotic membranes, which was found to be a powerful biomarker for predicting the risk of preterm births in pregnant women between 22 and 34 weeks of gestation. The detection range of the calibration curve for fibronectin quantitative measurements was 0.5-100 ng/mL and concentrations above the cutoff value of 50 ng/mL level were indicative of a significantly higher probability of preterm births. This SPR-based biosensor was considered a good alternative to the conventional enzyme-linked immunosorbent assay test because it allowed an earlier and more accurate diagnosis of preterm labor. Thus, early treatment of patients was possible by administering tocolytic therapy or steroids for fetal lung maturity and use of tertiary medical facilities for better prenatal care to decrease the incidence of perinatal morbidity and mortality. Many other potential applications of SPR biosensors are possible in the fields of bioengineering, biomedical, disease diagnostics, drug development, genomics, metabolomics, and proteomics as well as environmental and industrial areas. SPR nanoscale sensors will likely be further developed among the next-generation of biosensors for use in biological applications, including clinical medicine, because of their potential for detecting specific biomarkers of disease. SPR-based biosensors are capable of real-time quantitative chemical measurements (monitoring) of specific molecules. 113 Single-molecule detection can also be achieved by a wide variety of other methods using nanoscale transistors made from carbon nanotubes, [114] [115] [116] [117] [118] [119] [120] [121] [122] CP, [123] [124] [125] [126] [127] [128] optical traps, 129, 130 and fluorescence-based methods.
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Conclusion
The widespread adoption of new sensor technologies across most fields of medicine represents a key test in the evolution of many diagnostic tools and procedures used in the clinical setting. 132 E-nose devices currently are at the cusp of significant breakthroughs in widespread applications within the medical industry, and in particular, clinical medicine. These noninvasive gas-sensing devices potentially offer many advantages over conventional technologies currently used for disease diagnoses such as mammograms, colonoscopies, tissue biopsies, and other invasive procedures that cause unnecessary pain, discomfort, and long-analysis times for obtaining useful diagnostic results needed for decisionmaking by clinical physicians. E-nose instruments comprise an array of different gassensitive technologies, although certain chemical-analysis instruments such as mass spectrometer, ion mobility spectrometer, selected ion flow tube mass spectrometers, infrared spectrometers, and gas chromatography-based devices are sometimes referred to as e-noses. 35 However, the strict classic There are some limitations of e-nose instruments that must be overcome before they may be used in certain medical applications. For example, e-noses are capable of detecting nonodorant gases such as carbon dioxide and various lowmolecular-weight hydrocarbons, but e-nose sensors often are insensitive to some substances detectable by the human nose, are affected by the presence of water vapor in sample analytes (particularly breath samples), can be inactivated (overloaded or poisoned) by certain highly polar compounds, and are generally nonspecific in sensitivity, although individual sensors may be specific to certain classes of VOCs. 8, [133] [134] [135] [136] [137] [138] Due to poor specificity to individual volatiles, e-nose sensor arrays generally are not particularly suitable for identifying individual compounds present in complex gaseous mixtures such as in the human breath. 43 Another key limitation of e-nose instruments is the absence of standardized methods for collection of VOC samples, and the particular e-nose devices and methods used to generate smellprints. Previously, expiratory flow rate, breath-holding capacity, and anatomic dead space were studied to determine if the method of exhaled breath sample collection from lung cancer patients and controls affected results. 132 Differences in VOC pattern results were obtained from two different sampling methodologies, particularly in the control group. 139 The interpretation of VOC patterns requires various statistical analysis and software applications, which is an important barrier that e-nose technologies must overcome to be fully embraced in clinical practice. More large-scale studies are needed to validate e-nose results and methods for various commercial e-nose devices to prove reproducibility of results between intra-and interlaboratory sample measurements. New prospective studies, including population-based screening for respiratory diseases, are key to determining the potential applicability of e-noses in daily clinical activity. 132 The need for standardization of sample collection and analysis is the main issue concerning breath analysis, blocking the introduction of breath tests into clinical practice.
Breath analysis is a promising, recent new field in clinical medicine with great potential for noninvasive diagnosis of a number of human diseases throughout the body, not just respiratory diseases, due to the mobility of abnormal diseaseassociated VOCs within the human circulatory system and release from the body in EB air.
11,35 E-nose instruments can play an effective part in breath analysis by effective determinations of VOC mixture types and relative molar concentrations of VOCs in the breath, which are defined by precise breathprint patterns using pattern recognition algorithms. E-nose instruments provide analytical techniques with high sensitivity, good precision (reproducibility), short response time, rapid sensor recovery, and relatively low detection limits, which are desirable characteristics for the detection and characterization of VOC mixtures present in the human breath. Breath fingerprinting along with chemical analyses of breath constituents (metabolomics) provide indications of specific clinical physiological health status and usually relies on the use of multivariate statistics methods with powerful built-in algorithms.
Advanced sampling procedures, such as solid-phase and needle trap microextraction, coupled with modern analytical technologies (proton transfer reaction mass spectrometry, selected ion flow tube mass spectrometry, ion mobility spectrometry, and e-noses) allow the characterization of EB composition to an unprecedented level. 140 EB analysis requires proper statistical analysis and interpretation of large and heterogeneous datasets. Currently, there is no standard statistical protocol yet available that may be used for EB data analysis toward discovery of biomarkers for use in a typical clinical setup. Nevertheless, EB analysis has immense potential toward development of biomarkers for early disease diagnosis. 141 E-nose devices also provide means for double checking and confirming a patient's identity as a means to assure that physician-recommended treatments and procedures (to be received by an individual patient) are meant for the specific patient intended, and confirmed before corrective treatments, such as surgeries and drug applications, are administered to the patient. 6, 35, [142] [143] [144] Patient identity crosscheck procedures are essential for hospitals and clinics to avoid mistakes in 
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wilson patient treatment procedures that can lead to malpractice lawsuits and losses in public confidence in the effectiveness and competence of human health institutions. Rapid direct determinations of patient identity provides more reliable confirmations than conventional methods that rely on patient labels, bar-code technologies, and personnel judgments. [145] [146] [147] There are great expectations for a large diversity of potential future applications of e-nose devices for POCT and diagnosis of various human diseases in hospitals and the clinical setting. These instruments are relatively simple, noninvasive, and transportable tools that potentially offer quick access to reliable clinical test results. E-nose instruments, comprising a wide diversity of gas-detection principals and mechanisms, represent compelling technologies for medical research and clinical applications. The potential capability of e-nose instruments to detect many diseases at early stages of development (by VOC pattern recognition) provides powerful tools for prescreening of patients during routine prophylactic clinical exams and allows early and more effective treatment of diseases usually with greatly improved prognoses. E-noses may also play a role in offering a more effective, personalized approach to disease detection and therapy in the future, particularly when used in combination with genetic screenings of patients for predispositions to specific diseases. E-nose methodologies of various types are relatively new to the clinical setting, but none is currently globally accepted. 43 Thus, more research is needed to further evaluate and standardize e-nose devices and methods for clinical practice and medical research.
